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Keywords: endothelial cells; macrophage migration inhibitory factor; FLICE-like inhibitory protein; apoptosis Sepsis is a life-threatening condition associated with hyperactivity of the inflammatory response to infection leading to systemic vascular collapse, disseminated intravascular coagulation, acute lung injury, and multisystem organ failure (1) . Vascular endothelial cells (EC) constitute the immediate cellular interface between the systemic circulation and organ parenchyma, and are directly exposed to numerous proinflammatory and cytotoxic stimuli during sepsis. EC are key regulators of vascular tone, coagulation, and permeability, and their dysfunction or destruction are suspected to be key contributors to additional pathologic complications associated with sepsis, such as acute lung injury/acute respiratory distress syndrome (ALI/ ARDS) (2-4).
Studies in animals and humans indicate that EC apoptosis likely contributes to the dysfunction of the vascular endothelium associated with sepsis and sepsis-induced organ failure. Apoptosis is the programmed disassembly and elimination of cells and is a critical component of the normal development and homeostatic regulation of cell number. The induction of apoptosis, however, also contributes to the cellular injury and tissue destruction seen in a number of disease states and disorders (5) . Biopsy and autopsy samples from humans with ALI/ARDS secondary to sepsis demonstrate increased endothelial cell apoptosis compared with control lung tissue. Studies in mice show that endotoxemia and gram-negative sepsis result in apoptosis in the gut, lymphoid tissue, and lung (6) . More specifically, pathologic examination of the lungs from such animals reveals apoptosis of pulmonary vascular EC (7) . Systemic administration of apoptosis inhibitors improves survival in animal models of endotoxininduced injury (8) , suggesting that apoptotic cell death contributes causally to disease-related mortality (9) .
Many stimuli associated with sepsis, including TNF-a, the gram-negative endotoxin, lipopolysaccharide (LPS), reactive oxygen species, and hypoxia, activate the apoptotic machinery in a cell-and species-specific manner (10) . Studies of cultured bovine or ovine EC have shown that these cells undergo apoptosis in response to these stimuli (11, 12) , while cultured humanderived umbilical vein endothelial cells (HUVEC) and dermal microvascular endothelial cells (HDMEC) are relatively resistant to TNF-a and LPS (13, 14) . Human ECs are sensitized to TNF-aand LPS-induced apoptosis when treated with inhibitors of protein synthesis (13, 14) , suggesting that short-lived or newly synthesized proteins influence the capacity of such stimuli to induce death. In the case of TNF-a, studies on isolated human EC show that it induces NF-kB activation and increases the transcription of a number of inhibitor of apoptosis (IAP) proteins that blunt TNF-dependent death signaling (13, 15) . In contrast, suppressing NF-kB activity does not sensitize EC to LPS-induced cell death (13) , although the application of the protein synthesis inhibitor cycloheximide (CHX) does, suggesting that resistance to LPS is dependent on a short-lived protein that is not linked to NF-kB activation. Anti-apoptosis proteins known to undergo rapid turnover in the cell include XIAP, Mcl-1, and FLICE-like inhibitor protein or FLIP (16, 17) . Treatment of HUVEC with CHX leads to a rapid decrease in protein levels of the long isoform of FLIP (FLIP L ), coinciding with increased sensitivity to LPS (15) . FLIP is a death effector domain (DED)-containing protein that is homologous to caspase 8 (a.k.a. FLICE) but possesses little or no caspase activity. As such, it has been proposed that it may act in a dominant-negative manner to block caspase 8 activation in response to death receptor activation (17) . Forced expression of the long isoform of FLIP (FLIP L ) in HUVEC prevents apoptosis caused by combined LPS and CHX treatment (18) , suggesting that FLIP L may be responsible for the resistance of these cells to LPS-induced cell death. Additional factors that control the ability of sepsis-associated pro-inflammatory stressors to induce apoptosis of human EC, however, have not been systematically examined.
We chose primary cultures of human pulmonary artery endothelial cells (HPAEC) as an in vitro system to further define the effects of proinflammatory and cytotoxic stimuli on EC survival in the lung. Similar to what has been reported in the literature for HUVEC (18) and HDMEC (19) , our data show that HPAEC exhibit an inherent resistance to multiple potential apoptotic stimuli. We investigated the role that the proinflammatory cytokine, macrophage migration inhibitory factor (MIF), which is constitutively expressed and secreted by HPAEC in culture and is present in vascular EC in vivo (1), might play in governing this resistance, as there is growing evidence for both cytoprotective and pro-growth effects of MIF (20) (21) (22) (23) (24) , although a role for MIF in the apoptosis of EC has not been reported. To test the hypothesis that MIF promotes survival of HPAEC and thus contributes to their resistance to proinflammatory stressors, we suppressed MIF protein expression in HPAEC by RNA interference (RNAi) and then evaluated changes in basal cell death and sensitivity to apoptotic stimuli caused by this suppression. We show here that suppression of MIF expression sensitizes HPAEC to apoptosis triggered by LPS and that MIF is normally required for the LPS-mediated induction of the short isoform of FLIP (FLIP s ). This induction occurs independently of changes in FLIP transcription, is mimicked by proteosome inhibitors, and is essential in conferring resistance on HPAEC to LPS-induced cell death. These studies support a role for MIF in the natural resistance of human pulmonary EC to apoptosis in general and the pro-apoptotic effects of LPS, in particular, through its regulation of FLIP s and suggest that MIF may act to protect vascular endothelial cells from sepsis-associated cell damage.
MATERIALS AND METHODS

Reagents and Cell Lines
HPAEC derived from individual donors (Clonetics Corporation, Walkersville, MD) were maintained according to the manufacturer's recommendations. Cells were used between passages 5 and 8 and were cultured, unless otherwise indicated, in complete EGM media (Clonetics). For each experiment, cells were matched for donor and passage number. Results from at least four different donors were pooled. Where indicated, cells were incubated with TNF-a (final concentration: 100ng/ ml), LPS (100 ng/ml) (Sigma Chemical Co, St. Louis, MO), or recombinant human MIF (1 nM) (R&D Systems, Minneapolis, MN). Hypoxia was achieved using an airtight Plexiglas chamber placed inside a 378C incubator. A humidified mixture of 95% nitrogen and 5% CO 2 was continually passed through the chamber. Duplex RNAs encoding control (GFP) siRNA (sense strand: GGCTACGTCCAGG AGCGCACC), human MIF siRNA (sense strand: ACAGGGUCUACAUCAAUA dTdT), caspase 8 (sense strand: GGACAAAGUUUACCAAAUGUU) and FLIP s (sense strand: CACCCUAUGCC CAUUGUCCdTdT) were used for RNAi and were manufactured by Dharmacon Inc. (Lafayette, CO). A pool of four duplex siRNAs that targets the common sequences between FLIP L and FLIP s were used to suppress total FLIP expression (SiGENOME SMARTpool reagent M-003772-06-0005; Dharmacon, LaFayette, CO). Transfection of the duplex RNA was performed using Geneporter B reagent (Genlantis, San Diego, CA) according to the manufacturer's recommendations. Briefly, 1.5 3 10 6 HPAECs were plated into a 35-mm dish. The next morning, the medium was replaced with 900 ml of basal EGM (Clonetics). RNAi duplexes were diluted into a total of 50 ml of Geneporter buffer B. Geneporter transfection reagent (2 ml) was diluted into a total of 50 ml of basal EGM. The diluted RNA duplexes were mixed with the diluted transfection reagent and then added drop-wise to the cells. Four hours later, 1 ml of growth medium was added to the cells. Final concentration of RNA duplexes was 100 nM. The protein synthesis inhibitor CHX was used at a final concentration of 10 mM, and the proteosome inhibitor MG132 was used at a final concentration of 1 mM.
Apoptosis
Apoptotic cells were identified on the basis of altered nuclear morphology after staining with Hoechst dye 33342. Necrotic cell death was evaluated by uptake of the normally cell-impermeable DNA dye, propidium iodide (PI). A total of 200 to 300 cells/sample were evaluated by fluorescence microscopy. The caspase 8 inhibitor, zIETD-fmk (MP Biochemicals, Solon, OH) was used at a final concentration of 50 mM. Additional assays of cell death are described in the online supplement.
Western Blotting and Immunoprecipitation
For Western blotting, cells were washed in cold phosphate-buffered saline and protein extracted in lysis buffer (60 mm Tris [pH 6.8], 1% SDS, 20% glycerol, containing 13 protease inhibitor cocktail [Cat # P8340; Sigma Chemical]), sonicated, boiled, and then cleared by centrifugation. Proteins were separated by SDS-PAGE and the gel then electrophorectically transferred to a PVDF membrane (Millipore Corporation, Bedford, MA). Specific proteins were detected with the following antibodies; anti-Bax (Ab-N20; Santa Cruz Biotechnology, Santa Cruz, CA), anti-MIF (R&D Systems), anti-FLIP (NF6); antiactin (Santa Cruz Biotechnology), anti-cleaved caspase 3 (Cat #9664; Cell Signaling), anti-caspase 9 (Cat #9508; Cell Signaling), and antihuman BID (horseradish peroxidase-conjugated secondary antibodies were then incubated with the blot and the antibody complexes detected by chemiluminescence (ECL; Amersham Pharmacia Biotech, Piscataway, NJ).
Quantitative RT-PCR
Total RNA was isolated from cell cultures using the Trizol reagent per the manusfacturer's suggestions (InVitrogen, Carlsbad, CA). The RNA was precipitated in isopropanol and then subjected to additional purification using the RNeasy RNA isolation kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. RNA was reverse transcribed to generate cDNA using a First-Strand Synthesis kit (Amersham) and random hexamers as primers. The cDNA was then used as the template for quantitative PCR using an iCycler Thermal Cycler RealTime PCR machine (Bio-Rad, Hercules, CA). The products of PCR amplification were detected with Syber green fluorescent dye and the relative expression of each gene of interest expressed with reference to that of glyceraldehyde phosphate dehydrogenase (GAPDH). The PCR products were analyzed on Tris-Acetate-EDTA agarose gels to confirm its correct size. The sequence of the primers used for PCR are as follows. 
Statistical Evaluation of Data
All data are expressed as the mean 6 SE. Unpaired or paired Student t test was used for statistical comparisons when appropriate. Differences were considered significant at P , 0.05.
RESULTS
HPAEC Are Resistant to Apoptotic Stimuli and Produce Increased Intracellular MIF Protein Levels in Response to These Stressors
The sensitivity of HPAEC to multiple pro-apoptotic stimuli was evaluated in cell culture. HPAEC were exposed to prolonged hypoxia (,1% FI O 2 ), the inflammatory cytokine TNF-a (10 ng/ml), the bacterial endotoxin LPS, or ultraviolet irradiation (100 J/m 2 UVC) for 24 hours. Apoptotic and necrotic cells were identified by nuclear condensation and fragmentation after staining with the nuclear dye Hoechst 33342 and by uptake of the normally cell-impermeable DNA dye, propidium iodide (PI), respectively. The white arrow in the inset to Figure 1A shows normal (asterisks) and fragmented nuclear staining (white arrow) by Hoechst 33342 in cells treated with LPS and the protein synthesis inhibitor CHX. In culture, basal rates of HPAEC apoptosis were low (5.5% 6 3%), with no significant increase above basal levels resulting from exposure to hypoxia, TNF-a, or LPS ( Figure 1A ). Necrosis in untreated cells was minimal (0.5 6 0.2%) and did not change with any of the treatments shown in Figure 1A . HPAECs did undergo increased apoptosis after exposure to UVC, demonstrating that the basic apoptotic machinery was intact in these cells. As has been shown previously for other EC (13, 14) , apoptosis in response to LPS could be induced after pre-treatment with the protein synthesis inhibitor CHX. CHX pre-treatment alone did not affect basal cell death ( Figure 1A ).
Others have demonstrated that LPS, TNF-a, and hypoxia increase intracellular MIF protein levels in HUVEC, fibroblasts, and tumor cell lines, respectively (25) (26) (27) (28) . We show here that all three stimuli cause a significant increase in MIF intracellular protein levels in HPAEC ( Figure 1B) .
Suppression of MIF Gene Expression Sensitizes HPAEC to Cell Death Caused by LPS
The increase in MIF expression caused by hypoxia, LPS, or TNF-a could be (i) a death signaling event that is counteracted by the concurrent activation of pro-survival pathways, (ii) a prosurvival event activated by apoptotic stimuli that counteracts the death program, or (iii) irrelevant to either the survival or death of HPAEC. To distinguish between these possibilities, we examined the effect of acute suppression of MIF mRNA and protein levels in HPAEC using RNA interference (RNAi). A chemically synthesized double-stranded RNA (siRNA) was introduced into HPAEC by liposome-facilitated transfection. Parallel cultures transfected with fluorochrome-tagged double stranded RNA of similar size revealed a transfection efficiency of greater than 95% and persistence of fluorescence for greater than 5 days in culture. Basal apoptosis (dotted line) is minimal, representing less than 5% of the total cells evaluated under the culture conditions detailed in MATERIALS AND METHODS. To induce hypoxia, a mixture of nitrogen and carbon dioxide (95%/5%) gases were used to purge cultures of oxygen for 48 hours before quantification of apoptotic cells. Additional cultures were incubated in the presence of TNF (100 ng/ml), lipopolysaccharide (LPS; 100 ng/ml), cycloheximide (CHX; 50 mg/ml), or LPS/CHX (100 ng/ml and 50 mg/ml, respectively) for 24 hours before analysis. Results are normalized to GAPDH mRNA expression. LPS caused a 2.6-fold increase in MIF mRNA that was unaffected by control (GFP) siRNA but markedly suppressed to less than 10% of control levels by MIFselective siRNA. (B) Protein expression in HPAEC transfected for 8 hours with control/GFP-or MIF siRNA and then exposed to 100 ng/ml LPS for an additional 16 hours. LPS induced a 3.4-fold increase in MIF protein levels. Both basal and LPS-induced levels were suppressed approximately 20% of unstimulated basal levels by MIF siRNA. (C). HPAEC were transfected with GFP siRNA (solid bars) or MIF siRNA (shaded bars) at a final concentration of 100 nM. Six hours after transfection, cells were challenged with PBS, 100 ng/ml LPS in PBS, 100 ng/ml LPS, and 10 ng/ml recombinant human MIF protein (rHMIF), or rHMIF alone and incubated for an additional 18 hours before quantification of apoptotic cell death by fluorescent microscopy as described in MATERIALS AND METHODS. **P . 0.005.
We first examined the effect of MIF suppression on LPSstimulated cell death. Figure 2A shows that 16 hours of LPS exposure induced an approximate 2.6-fold increase in MIF mRNA levels. Transfection with a control siRNA directed against the mRNA for green fluorescent protein (GFP) (negative control) begun 8 hours before the addition of LPS had no significant effect on the induction of MIF mRNA by LPS. Transfection with the MIF siRNA, however, not only prevented the increase in MIF mRNA expression caused by LPS but reduced basal levels to less than 5% of untreated control samples. Analysis of intracellular MIF protein levels in control siGFP-transfected cells revealed a 3.4-fold increase in MIF expression after 18 hours of exposure to LPS ( Figure 2B ). This LPS-induced increase was similar in magnitude to that seen in untransfected cells in Figure 1B . Exposure of HPAEC to MIF siRNA for 24 hours reduced basal MIF protein levels to approximately 20% of basal (GFP siRNA/ no LPS) levels and prevented the LPS-induced increase in MIF protein. Figure 2C shows that neither the control/GFP siRNA nor the MIF siRNA had any significant effect on basal cell death 24 hours after transfection. LPS treatment combined with MIF siRNA transfection, however, resulted in a marked increase in cell death. There was no change in cell death over basal levels in control/GFP siRNA-transfected cells treated with LPS.
To further characterize the specificity of MIF siRNA and exclude the possibility that nontargeted gene effects led to the sensitization of these cells to LPS, both control/GFP siRNAand MIF siRNA-transfected cells were treated with recombinant human MIF, exposed to LPS, and then analyzed for changes in cell death. The addition of recombinant MIF protein prevented LPS-induced cell death in the MIF siRNA-transfected HPAEC, demonstrating that the effect of the MIF siRNA on HPAEC survival could be bypassed by directly supplying the protein to the cell, which strongly suggests that the effect of the MIF siRNA was due alone to suppression of MIF ( Figure 2C) .
Previous work by others has implicated activation of caspase 8 in LPS-induced EC death (15) (16) (17) . In HPAEC, the caspase Figure 3A) , indicating that caspase 8 activity was necessary for cell death. To substantiate this conclusion, we transfected HPAEC with individual siRNAs for MIF and either caspase 8 or control (GFP) siRNA, such that the total siRNA load on the cell was kept at 100 nM. The caspase 8 siRNA markedly reduced caspase 8 protein levels within 24 hours of transfection ( Figure 3B , upper panels) and markedly attenuated LPS/MIF siRNA cell death.
One of the downstream targets of caspase 8 cleavage is the cytosolic BH3-only protein, Bid. Cleavage results in a truncated from of Bid (tBID) that promotes mitochondrial death signaling initated by the tBID-dependent activation of BAX/BAK. Figure 3C shows that treatment of HPAEC with LPS and MIF siRNA causes significant tBID expression, while treatment with LPS alone did not. These results suggest that LPS and MIF siRNA activate caspase 8, resulting in BID cleavage and increased cell death.
LPS Up-Regulates Expression of FLIP s in an MIF-Dependent Manner
A number of studies on isolated ECs have implicated the prosurvival protein known as FLIP as an important regulator of cell death caused by TNF-a, FasL, ischemia-reperfusion, and LPS (14, 17, 29, 30) . Data in Figures 4A and 4B show that LPS causes a rapid induction in FLIP s expression, resulting in an approximate 5.4-fold increase in protein levels 4 hours after LPS treatment. In contrast, FLIP L protein levels increased only by 1.4-fold on average over the same period. The up-regulation of FLIP s occurred in a transcription-independent manner as quantitative RT-PCR showed that FLIP s and FLIP L, mRNA levels actually fell over the time period in which protein levels increased ( Figure 3B ). This demonstrates that changes in FLIP s protein levels occur independently of changes in mRNA levels and, therefore, were likely to be mediated by protein turnover. Figure 4C shows that inhibition of protein synthesis caused by a 4-hour incubation with the protein synthesis inhibitor CHX resulted in complete loss of FLIP s and FLIP L protein levels, while MIF protein levels were virtually unchanged after normalizing the data to b-actin protein levels. On the other hand, incubation with the proteosomal inhibitor MG132 for 4 hours markedly increased protein levels of FLIP s , but had a minimal effect on FLIP L protein levels. This differential effect of proteasome inhibition on FLIP s versus FLIP L protein levels has been previously reported and shown to be due to destabilizing sequences in the unique C-terminus of FLIP s (32) . Together, these results show that the changes observed in FLIP s in response to LPS are transcription-independent and may be due to increased protein stabilization caused by selective prevention of proteasomal-mediated degradation of FLIP s .
The Western blot shown in Figure 5A and the averaged results in Figure 5B show that in cells treated with MIF siRNA, the transient increase in FLIP s expression in response to LPS is prevented, actually falling below unstimulated levels. In contrast, FLIP L levels are only slightly affected by these treatments. To determine if the suppression of MIF expression was alone responsible for the effects of MIF siRNA treatment on FLIP s protein expression, rHMIF was added along with MIF siRNA in a separate experiment. The addition of rHMIF protein in MIF siRNA-treated HPAEC restored FLIP s protein levels to normal, allowed FLIP s protein levels to increase in response to LPS, and prevented the LPS-induced cell death in MIF siRNAtransfected cells ( Figure 2C ). These results show that MIF is required for the rapid increase in FLIP s protein levels in response to LPS.
Reducing FLIP s Protein Levels Is Alone Sufficient to Sensitize HPAEC to LPS-Induced Death
To assess the significance of the LPS-induced increase in FLIP s protein expression in the HPAEC resistance to LPS-induced cell death, FLIP s expression was selectively suppressed by a target-specific siRNA. Figure 6A shows that the FLIP sselective siRNA suppressed only FLIP s protein levels, with no effect on FLIP L or actin. Suppression of FLIPs was virtually complete within 24 hours of application. Figure 6B shows that the FLIP s siRNA had no effect on basal cell death in the absence of LPS, but caused significant cell death in its presence, an effect identical to that seen with short-term application of MIF siRNA. In contrast to MIF siRNA-mediated sensitization, which was bypassed by adding recombinant MIF (rHMIF) protein to the HPAEC (Figure 2C ), the increased LPS-induced cell death caused by FLIP s siRNA was not prevented by the addition of rHMIF to the cells. These results are, therefore, consistent with a model in which MIF lies upstream of FLIP and acts to suppress LPS-induced cell death through regulation of FLIP s protein levels. In contrast to the effect of silencing FLIP s alone, application of a siRNA that suppresses both FLIP L and FLIP s (FLIP L/s in Figure 5A ) caused a marked increase in basal cell death within 24 hours of application ( Figure 5B) . As was the case for FLIP s siRNA treatment, the effects of FLIP L/s siRNA were not reversed by the addition of rhMIF, suggesting that the constitutive protection by FLIP as revealed by FLIP L/S siRNA treatment may lie distal to or independent of MIF.
Taken together, these data suggest the following sequence of events occurring in HPAECs in response to LPS ( Figure 6C ). LPS activates both a death-promoting as well as a deathinhibitory pathway in HPAEC. The death-promoting pathway is mediated through caspase 8 and involves engagement of the mitochondrial death pathway, possibly through activation/ cleavage of BID. The death-inhibiting pathway involves up regulation of MIF expression which, in turn, is linked to the upregulation of FLIP s protein levels. Increased FLIPs protein interacts directly with caspase 8 to suppress caspase 8-dependent death signaling events.
Prolonged Suppression of MIF Protein Levels Increases Basal Cell Death via the Instrinsic/Mitochondrial Death Pathway
The data in Figure 2 demonstrating the sensitization of HPAEC to LPS-induced death by MIF siRNA were obtained after only 24 hours of exposure to siRNA (8 h pre-LPS 1 16 h in LPS). At that time, MIF mRNA levels were suppressed to less than 5% of untreated or control siRNA-treated cells, while basal levels of MIF protein were reduced by approximately 80%. We therefore extended the time from transfection to harvest to determine if MIF protein levels would continue to decrease. The data in Figure E1 in the online supplement show a representative Western blot of the time course of MIF suppression. Treatment of HPAEC for 72 hours with MIF siRNA resulted in suppression of MIF protein expression to almost undetectable levels (2.7 6 0.8% of control siRNA-treated cells) and, contrary to what had been observed at earlier time-points, markedly increased basal cell death, which could be further increased by the addition of LPS. Control/GFP siRNA treatment had no effect on MIF mRNA and protein levels over the same time period and did not affect basal cell death. Importantly, the addition of recombinant human MIF protein at 48 hours after the addition of MIF siRNA prevented the cell death caused by MIF siRNA at 72 hours, ruling out a nonspecific effect of the siRNA treatment ( Figure 6C ).
Cells treated with MIF siRNA alone for 72 hours exhibited morphologic changes characteristic of apoptotic cell death. Specifically, they displayed cytoplasmic blebbing (zeiosis) and nuclear condensation or nuclear fragmentation ( Figures E2A  and E2B ). Caspases were activated in association with MIF loss, as demonstrated by the appearance of cleaved caspase 3 products in lysates from MIF siRNA-but not in control/GFP siRNA-transfected cells ( Figure E2C ) and by the ability of the broad-spectrum caspase inhibitor z-VAD-fmk to block cell death ( Figure E2D ). Data described in detail in the online supplement show that prolonged MIF suppression led to activation of the mitochondrial death-signaling pathway, resulting in increased BAX activation and cytochrome c release into the cytosol, which others have shown to activate caspase 9 (35) . Accordingly, apoptosis caused by prolonged MIF deficiency was blocked by overexpression of either Bcl-xL, which blocks BAX activation (34, 35) , or expression of caspase 9 containing an inactive catalytic domain, which acts as a dominant-negative mutant ( Figure E3 ).
DISCUSSION
We have shown in this study that human endothelial cells isolated from the pulmonary artery (HPAEC) and maintained in culture at low passage are resistant to multiple apoptotic stressors. Resistance to apoptosis is a common feature of many other human endothelial cells (13, 14, 16, 18) . This resistance is not absolute, as demonstrated by the sensitivity of HPAEC to UVC-and STS-induced apoptosis and the ability of the protein synthesis inhibitor CHX to sensitize HPAEC to cell death induced by the bacterial endotoxin, LPS (Figure 1 ). These observations suggest that it is unlikely that there is a deficiency in the cellular machinery needed to execute cell death, but rather support the notion that these cells possess endogenous inhibitor(s) that de-sensitize them to certain death stimuli. While the nature of the resistance is likely to be multifactorial, a number of characteristics suggest that the cytokine MIF could be an important contributor to this resistance. Endothelial cells contain intracellular stores of MIF protein in vivo and in culture, and both the intracellular accumulation and secretion of MIF is increased by apoptogenic stimuli (25) (26) (27) (28) (Figure 1) . Treatment of animals with neutralizing antibodies to MIF decreases capillary density at the site of tumor implantation (20, 21, 36) , suggesting that MIF normally plays a role in promoting angiogenesis, perhaps through increased EC proliferation and survival. More directly, recombinant MIF protein has been shown to protect cells from apoptosis induced by oxidative stress (22, 37) , and both macrophages and fibroblasts derived from MIF-deficient mice exhibit accelerated apoptosis in culture (38) .
In this context, we have shown that when challenged with potential apoptotic stressors, such as the bacterial endotoxin LPS, MIF intracellular protein levels increase in HPAEC, but no additional cell death over that of basal levels occurs. Blocking the increase in MIF expression caused by LPS through siRNA-mediated post-transcriptional gene silencing (PTGS), however, leads to increased cell death, suggesting that MIF sensitizes the cells to the death-inducing effects of LPS. Importantly, this sensitization to cell death in MIF siRNA-transfected HPAEC is prevented by supplying recombinant human MIF protein to the culture, strongly suggesting that the effect of transfecting the MIF siRNA into the cells was related to the loss of MIF protein and not to nonspecific effects on other genes that may influence apoptosis resistance. Cell death caused by LPS 1 MIF siRNA is inhibited by the relatively specific inhibitor of caspase 8 activity, z-IETD-fmk, as well as by siRNAmediated of suppression of caspase 8 expression ( Figures 3A  and 3B ). Cell death is also accompanied by increased appearance of tBID, a caspase 8-dependent truncation of the BH3-only protein, BID, that activates the mitochondrial death signaling pathway. These data suggest that cell death caused by the combination of LPS and MIF siRNA involves activation of the intrinsic death pathway in the cell, and they implicate activation of caspase 8 as a possible regulatory step that is normally suppressed in MIF-expressing HPAEC.
The identification of factors responsible for resistance and sensitivity to LPS-induced apoptosis has been an area of active investigation (10, 13, 14, (17) (18) (19) . LPS has the capacity to activate the transcription factor NF-kB, which has been linked to both pro-death and pro-survival signaling pathways (10) but increased NF-kB activity does not appear to be required for the resistance of some human EC to LPS-induced apoptosis (13, 14, 39) . However, enforced overexpression of the cell death regulatory protein, FLIP has been shown to protect human EC from LPS-induced apoptosis, suggesting that FLIP expression is one component of resistance to LPS-induced cell death (13, 17, 29) . In addition, FLIP protein expression is rapidly suppressed by the protein synthesis inhibitor CHX (13) (Figure 3C ), which sensitizes all human EC examined to date to LPS-induced cell death (including HPAEC in this article). A possible involvement of FLIP in the resistance of HPAEC to LPS is also suggested by our data demonstrating the importance of caspase 8 in LPS/MIF siRNA-associated cell death (Figure 3) .
FLIP is highly homologous to caspase 8 (a.k.a., FLICE or FADD-like IL-1b-converting enzyme) and is likely to have resulted from duplication of the caspase 8/FLICE gene, as it resides on the same chromosomal fragment as caspase 8 (for a review, see Ref. 31 ). Caspase 8 is an initiator caspase that is recruited to the death-induced signaling complex (DISC) that forms upon ligand activation of death receptors (CD95/Fas, TNFR1, DR5) through homotypic protein interactions with the death receptor adaptor protein, FADD (Fas-associated death domain-containing protein) mediated by the protein-protein interaction motif known as the death effector domain (DED). Two splicing variants of FLIP have been identified. The long isoform of FLIP (FLIP L ) is similar in overall length and domain structure to caspase 8. It contains two N-terminal DEDs, but the region in FLIP L that corresponds to the catalytic region in caspase 8 differs so that proteolytic activity is markedly suppressed, if not totally abolished. The short form of FLIP (FLIP s ) contains only the two DEDs and has no proteolytic activity at all. Recruitment of either FLIP isoform to the DISC is thought to modulate or block death receptor-stimulated cell death by competing with caspase 8 for binding to FADD (40) . Both FLIP isoforms are transcribed in an NF-kB-dependent manner (44) , but differential expression of FLIP L and FLIP S proteins in various cell types suggests the existence of additional mechanisms to regulate individual isoform accumulation. For example, p53 overexpression has been reported to enhance proteasomemediated degradation of FLIP L (45) , while in Hela cells, TNF-a induces the specific up-regulation of FLIP S without affecting the levels of FLIP L (46) . Interestingly, expression of the viral transactivator E1A in Hela cells confers increased sensitivity to TNF-a-mediated cell death by preventing not only the induction of FLIP s mRNA but also by promoting its selective degradation is a proteasomal-mediated manner (46) .
Our data show that in response to LPS, FLIP s protein levels in HPAEC are rapidly and markedly increased, while FLIP L protein levels are only slightly increased (Figure 4 ). When MIF siRNA-treated HPAEC are stimulated with LPS, FLIP s levels not only fail to increase but fall below pre-stimulation levels. This change in FLIP s protein levels is likely to be important for mediating MIF-associated apoptosis resistance in these cells because selective suppression of FLIP s by siRNA alone sensitized HPAEC to LPS (Figure 6 ). Interestingly, the increase in FLIP s protein levels in response to LPS occurs in the complete absence of any increase in FLIP s mRNA (Figure 3 ) and, therefore, must be due to either increased translation of existing mRNA or suppression of FLIP s protein turnover. While the application of a protein synthesis inhibitor did result in complete loss of both FLIPs and FLIP L , the proteasome inhibitor, MG132, had a disproportionately greater effect on increasing FLIP s protein levels compared to FLIP L ( Figure 3C ). Together, these observations suggest that MIF selectively regulates FLIP s protein stabilization. The molecular mechanism through which this is achieved is unknown, but may involve the reported interaction of MIF with Jab1/CSN5 (47) . Jab-1 is a transcriptional co-activator and essential component of the COP9 signalosome. It is involved in ubiquitin/26S proteasome-mediated protein degradation of several cell cycle regulators and intracellular signaling intermediates (48) . Alterations of Jab-1 function through its interactions with MIF contribute to the reported differential turnover of other proteins including p27 (32) ( Figure 4B ) and could account for the changes in FLIP s expression that we have described here.
The marked selectivity of MIF siRNA in suppressing FLIP s but not FLIP L protein expression in HPAEC is particularly noteworthy, since previous studies have suggested that FLIP L provides constitutive protection against LPS-induced cell death (13, 14, 16, 18) . FLIP L protein levels in FLIP s -deficient HPAEC, however, are virtually identical to those of untreated HPAEC, yet the cells still undergo cell death. While our data indicate that both FLIP s and FLIP L normally inhibit cell death, their effects are not redundant. Selective suppression of FLIP s reveals that it controls the sensitivity of HPAEC to apoptosis induced by LPS (and perhaps other stimuli, as studies in other cell types would suggest [46, 49, 50] ), without affecting basal levels of cell death, while combined FLIP s and FLIP L suppression increases basal cell death. We speculate that the latter effect is due to the suppression of FLIP L alone and not to synergistic effects caused by suppression of both splice variants (51) , but this possibility needs to be formally tested and the relative contributions of FLIP s and FLIP L to EC death more precisely defined.
In contrast to short-term suppression of MIF, which had no effect on basal cell death, long-term suppression of MIF (72-96 h) results in markedly increased basal cell death ( Figure E1 ). Is this effect of prolonged suppression of MIF linked to changes FLIP s or FLIP L as well? While combined FLIP L /FLIP s suppression produced increased basal cell death in the absence of any other apparent stimulus just as prolonged MIF siRNA treatment did, no consistent reduction in FLIP L expression was detected in association with prolonged MIF suppression alone (data not shown). The nature of increased cell death caused by long-term suppression of MIF was shown to be apoptotic and mediated through the intrinsic/mitochondrial death pathway ( Figures E2 and E3) . It is unlikely that engagement of the mitochondrial death pathway due to long-term MIF suppression is due to cleavage of BID, since FLIP levels do not change and suppression of FLIPs does not activate cell death on its own. A related but different mechanism, however, may involve the ability of intracellular MIF to directly or indirectly antagonize the mitochondrial apoptotic pathway through binding of another BH3-only protein family, known as Bnip3L or NIX (53) . Bnip3L is a class of pro-apoptotic proteins, which induce apoptosis via the mitochondrial death pathway (54) . Interestingly, Bnip3L/NIX is expressed at high levels in the lung (53) . Our preliminary data show that Bnip3L/NIX is expressed in HPAECs and that MIF can functionally antagonize the apoptotic effects of overexpressed Bnip3L (R. L. Damico and M. T. Crow, unpublished observations). Current investigations are underway to further define the role, if any, of Bnip3L/NIX in apoptosis after MIF suppression.
In conclusion, the present study shows that MIF provides an essential pro-survival function in HPAEC and contributes to their resistance to LPS-induced cell death through posttranscriptional regulation of FLIP s expression.
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